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ABSTRACT

A significant justification for a much higher Reynolds number
ground test capability in the transonic regime has developed in the
past few years. An extensive experimental investigation of a high
Reynolds number transonic wind tunnel employing a Ludwieg tube air
storage system has been undertaken at the Arnold Engineering Devel-
opment Center to assess the utility of such a device. The transonic
starting process and starting time of this impulse facility have been
carefully evaluated, and the spatial and timewise quality of the test
section flow has been analyzed. Results from studies of the aerody-
namic flow response time at transonic speeds and measurement of the
pressure distribution and forces on selected models are presented.
Also included are the results from associated studies of the influence
of plenum volume on test section flow quality and the acoustic environ-
ment of the tunnel exhaust.
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SECTION |
INTRODUCTION

The trends in the design of large transport aircraft and high per-
formance military aircraft have prompted an assessment of transonic
wind tunnel facilities in the United States and Europe. Also, there are
concerns about the adequacy of wind tunnel tests because results from
flight tests are inconsistent, in some cases, with predictions based on
ground-based facility data. The AGARD conference on facilities and
techniques for aerodynamic testing at transonic speeds and high Rey-
nolds numbers (Ref. 1) produced an excellent review of the current
status of transonic wind tunnels and their shortcomings, Reynolds-
number-sensitive flow phenomena and methods for achieving high Rey-
nolds numbers in ground-based facilities.

The need for a high Reynolds number transonic tunnel in the United
States was recognized in 1966, and studies were begun at the Air Force
Arnold Engineering Development Center (AEDC) in 1967 to define test-
ing requirements and a facility concept. Several facility types were
examined, and a transonic tunnel with a Ludwieg-tube-type air storage
system emerged as the most promising candidate because of high qual-
ity flow, comparatively low cost, and relatively high data productivity.
A schematic drawing and artist's view of the proposed AEDC high Rey-
nolds number transonic tunnel (HIRT) are shown in Fig. 1.

About 15 Ludwieg tube tunnels exist in the United States and Europe
covering a Mach number range from 0.1 to 12 and test section size
ranging from 0. 022 to 5.5 sq ft. The largest of these tunnels is at the
NASA-Marshall Space Flight Center (MSFC), where a 32-in.-diam tun-
nel has been in operation since early 1970 at Mach numbers 0.2 to 2
using a 390-ft-long supply tube. Force and pressure measurements
have been obtained in this facility in a steady flow time of 350 to 450
msec at transonic speeds. The Ludwieg tube tunnels have reached an
advanced state of refinement and are now producing high quality force,
pressure, and heat-transfer measurements.

In support of the development of the AEDC HIRT, research has
been conducted to obtain information on the flow quality and boundary-
layer growth in the charge tube, effectiveness of the contraction sec-
tion design, influence of plenum chamber volume, flow quality in the
test section, start time of the tunnel and flow response over a mov-
ing model, concepts of start value, details of instrumentation,
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Fig. 1 General Configuration of AEDC High Reynolds Number Tunnel (HIRT)
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and production of acoustic noise by the tunnel exhaust. These areas of
research and numerous others have been studied since 1869 with the aid
of a 1/13-scale pilot model of the major components of the full-scale
tunnel, including the exhaust system. The significant results of the re-
‘search at AEDC in the development of the HIRT are presented.

SECTION 11
EXPERIMENTAL STUDIES IN PILOT HIRT

2.1 DESCRIPTION OF PILOT TRANSONIC TUNNEL AND INSTRUMENTATION

A schematic drawing of the pilot tunnel is given in Fig. 2, It can
be charged to 800 psia and can produce a maximum stagnation pres-
sure of about 500 psia in the transonic speed range. The Ludwieg tube
storage system (charge tube) is one foot in diameter and was about 60
ft long for early tests; the charge tube was later extended to-a length
of 80 ft. Results from both configurations will be presented. A tran-
sition section with a 1. 6 eontraction ratio channels the flow from the
circular charge tube into a rectangular test section which is 7. 3 by
9,15 in. In the test section-plenum chamber, shown.in Fig. 3, the
porous walls are of conventional design with 60-deg inclined holes.
The porosity can be varied manually by moving one porous plate rela-
tive to another (two plates constitute a wall) (Ref, 2). When the holes
are fully aligned, the porosity is 10 percent. The plenum chamber
which encloses the test section has a volume which is about 1. 8 times
the test section volume (neglecting the volume of the wall support
structure). The plenum is exhausted directly to atmosphere through
the choked orifice-valve system shown in Fig. 4. The desired flow
rate through the plenum system is obtained by adjusting the orifice
and by opening or closing the quick-acting valve shown in the figure.
A model support section and main starting device are located down-
stream of the test section (Fig. 2). Both a diaphragm and fast-acting
valve have been used as the main starting device in the tests which
will be described. All of the exhaust air is channeled out of the build-
ing through the main exhaust system.

The tunnel run is initiated by opening the main starting device and
the plenum exhaust system. The duration of the first cycle of the blow
time of this pilot tunnel is 105 or 135 msec, depending on the charge
tube length. The duration of the steady portion of the run will be dis-
cussed later.
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Plenum Chamber

/— Test Section

— To Main Exhaust
(Valve or Diaphragm)

Plenum Exhaust Line (Ten 2-in.-1.D.
Lines Manifolded Ahead of Diaphragm)

Diaphragm (Ruptured to I nitiate Flow}
——= To Atmosphere

6-in. Ball Valve (Orifice Variable)
<+—— Quick Acting Valve (Open or Closed)

l

To Atmosphere

Fig. 4 Schematic of Plenum Exhaust System

To date, timewise variations and accurate steady-state values of
pressure and force have been measured. Individual pressure trans-
ducers are used for each channel. Both strain-gaged diaphragm units
built at AEDC-VKF and commercially available Tabor® transducers
are employed, depending on the frequency response desired in the
pressure measurement. A rapid-response, three-component load-cell-
type balance has been used for the force measurements. The two
normal-force and one drag-force load cells are instrumented with semi-

conductor strain gages. The balance is 1/2 in. in diameter and 3 in.
long.

Two systems have been used to record the pressure and force sig-
nals in these experiments. Transient measurements in the starting
process or high frequency fluctuating pressure measurements are
recorded on an oscillograph or oscilloscopes. Because of reading er-
rors associated with taking data from these types of recorders, more
accurate steady-state measurements are recorded with a digital volt-
meter which has a printer readout. The scan rate of the particular
system used in this study is relatively slow (about 3 to 10 samples per
second), and a one-time point trapping system is used to hold the
steady-state run reading until it can be recorded by the scanner-digital
voltmeter after the tunnel run is actually completed. A fast-acting



AEDC-TR-73-168

pneumatic trap valve or an electrical "track and hold" network has

been used with equal success to accomplish this.
are shown schematically in Fig. 5.

These two systems

Solenoid-Operated
Slide Bar — Data Acquisition System
S > Transducer
0" Ring —~___
Tubing to . — Scanner
Pressure Port 3 | s(3—1(|) D\;g::al
. amples olt-
p— ? Amplifier er meter
Position Second)
24-Port
Trap Valve
Recording

a. Trap-Volume System

Voltage-Storing Capacitor

Relay for ""Holding"
Reading at Desired  Resistor

Tubing to
Pressure
Port

Amplifier ' :
: I l e —— — 4
{or) o Electrical Track and
Load Cell M= _J Hold Network

Oscillograph

Data Acquisition System

in Balance - -J

b. Electrical Track-Hold System

Scanner
(3-10 Digital
Samples Volt-
per meter
Second)
Recording
Oscitlograph

Fig. 5 Pilot HIRT Data Recording Systems
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To adequately study the starting process or noise levels in the test
section, the transducers must be mounted with the diaphragm at the
point of measurement in the tunnel. The lag or ring produced by any
length of tubing cannot be tolerated. The small AEDC-built transducers
are mounted on the tunnel wall, tunnel centerline, or directly in the
model for these measurements. For steady-state measurements, the
transducers have been located outside the tunnel because of the bulk of
the trap valve required in the system in some cases or ease of system
maintenance in other cases. Care has been taken to obtain data of the
required accuracy through the approximately 4-ft tube lengths that re-
sult. The length of all tubes has been held nearly constant to minimize
length-induced variations in response. The response of a tube does
vary, however, with pressure. A tube of a given length which has a
damped response on a low pressure run {charge pressure = 70 psia)
has an underdamped response (ring) at higher pressure (charge pres-
sure > 200 psia). The amplitude of the ring increases with pressure.
Wire coils have been inserted in the tubes to minimize the amplitude
or ring at some sacrifice to response. As a rule, both transient and
steady-state measurements are made simultaneously in a run.

Both the high frequency response of the oscillograph and the ac-
curacy of the trap technique are available in single state-of-the-art
multiplexing-analog-to-digital conversion systems which provide dig-
itized results in real time. The availability of such an improved sys-
tem eliminates the necessity of using the multiple recording techniques
with the complexities just described.

22 TUNNEL STARTING PROCESS AND TIME

A critical area of study involves the starting wave process and
start time of the tunnel. The required high quality transonic measure-
ments can be made only if tunnel conditions are constant for the duration
of the useful run and if the steady .conditions are established spatially
throughout the test section. In relation to the full-scale HIRT, it is
also important to minimize the start time in order to maximize the
duration of steady-state conditions for a fixed Ludwieg tube length; the
productivity of data will depend on the number of angle-of-attack points
which can be obtained during each run.

After the main starting device (diaphragm or valve) is opened, the
unsteady wave which moves through the test section into the charge tube
cannot come to an equilibrium strength i. e., - establish steady flow out
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of the charge tube - until flow through the plenum chamber which sur-
rounds the test section has reached an equilibrium value. This does
not occur until the plenum chamber pressure adjusts from the high val-
ue at charge to a level slightly less than the test section free-stream
static pressure. The process is illustrated schematically in Fig. 6.

When the main starting device opens, the total flow rate (W) consists
of the combined flow rates entering the test section from the plenum
(W13) and the charge tube (Wg). As the plenum pressure drops and
the pressure ratio across the porous wall decreases, the flow rate
from the plenum chamber into the test section decreases; and the flow
rate out of the charge tube must increase to maintain the nearly fixed
total flow rate (Wp). Eventually, the flow rate through the porous wall
reverses direction, and equilibrium is reached when the flow rate into
and out of the plenum becomes equal (Wi, = Wip). At this time, the
flow rate out of the charge tube maximizes and the starting process is
completed. From this description of the starting process, it can be
seen that increasing the flow rate out of the plenum chamber (W15 and
Wlb) during the tunnel start can have a marked effect on the starting
time.

Plenum Plenum
Exhaust
. Ly :
Y B L g UM
Area, APE

—e B }=— Porous Wall and
Flap Opening Area, A,,

- -
< «wz
W I
r Test Section T~
Main Charge Tube
Exhaust
Area, AM

Fig. 6 Schematic lllustration of Flow Process during Tunnel Start
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In the pilot tunnel, three devices are provided to facilitate fast tun-
nel starts:

1. A plenum exhaust which can be opened independently from
the main tunnel exhaust; )

2. A controllable plenum exhaust system which can provide
an excessive plenum exhaust flow during the starting pro-
cess and be throttled to the lower exhaust flow required
during the steady run; and

3. A flap system in the tunnel wall which can be opened to
increase the flow area between the test section and
plenum chamber during the tunnel start.

It was felt that the independent plenum exhaust would offer the
alternative of partially pumping the plenum prior to establishing the
main tunnel flow. However, as illustrated in Fig. 7, the small un-
steady wave which travels up the charge tube if the plenum is opened
early reflects and prematurely ends the run. Likewise, if the plenum
exhaust is established after the main tunnel flow, the useful run dura-
tion is reduced. The experimental data which illustrate this are plotted
in Fig. 8 for M, = 0.75. It is concluded that the sequence of opening
the plenum exhaust and main tunnel exhaust should cause the expansion
wave from each to reach the test section simultaneously. In this way,
no disturbances are generated until "'useful" pumping of the plenum is
initiated, and pressure adjustments across both expansions.occur at
the same time. Unless there is a significant difference in the distance
of each starting device from the test section, these data indicate that
" the two flows should be established simultaneously.

Experimental results have shown a more pronounced influence of
the controllable plenum exhaust mode of operation on the tunnel start
time. The tunnel start time can be significantly reduced by employing
the excess plenum exhaust as needed in the start. This is shown in
Fig. 9 (Ref. 3) which illustrates the variation in test section static
pressure with time. Note that the start time with excess exhaust was
reduced to one-half the value without excess exhaust. Because of re-
strictions in the pilot tunnel plenum exhaust flow system (which limits
the auxiliary flow rate to a maximum of about 12 percent), only test
conditions at about Mach 1, 0 or less can be achieved with a sufficient
excess flow.
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Fig. 9 Influence of Utilization of Excess Plenum Flow
during the Starting Process

The variation of tunnel start time with free-stream Mach number
is given in Fig, 10. If the pilot tunnel is operated along the solid curve
to the right of the figure - that is, without excess plenum exhaust during
the start - the start times are rather long. In fact, the tunnel does not
start, technically, above Mach = 0.95 before the reflected wave ends
the run. Mach numbers as high as 1. 25 have been achieved, but a
slight gradient in pressure is still evident in the test section when the
run ends. It takes all of the plenum exhaust available in the pilot tun-
nel to reach this Mach number, and no significant excess is available
to use during the start for Mach numbers above about 1.0,

If the tunnel Mach number is reduced below the maximum, a rea-
sonable excess is available for starting. With 5-percent excess, the
tunnel starts in approximately one-half the time at M, = 0. 8, as shown
in Fig. 10. This particular data point was shown in another form in
Fig. 9. Based on these limited data points, and some judgment, the
dashed curves have been faired in to indicate expected trends. It
should be noted that a start can be achieved only in the pilot facility at
Mach numbers above 1 by using the excess plenum exhaust. Some 8-
to 10-percent excess exhaust will be required to start the pilot tunnel
in a short time at Mach 1.2. This means that at least 20-percent
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plenum exhaust must be available since approximately 10-percent plen-
um weight flow is required for steady-state flow at Mach 1. 2.

- =~ 8% Excess Exhaust Flow /z 5% ~3%
. [~ -—
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on Observed Trends
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110

Fig. 10 Pilot HIRT Start Times for Various Excess Plenum Flow Rates
during the Start

The test section flaps located at the downstream end of the test
section in the top and bottom walls (see Figs. 3 and 11) are intended to
provide a large open area between the test section and plenum chamber
during the start. Tests to date have been conducted with 4- and 6-
percent wall porosity settings only, and no noticeable influence of the
flaps on the start time has been seen. Certain test conditions in tran-
sonic tunnels, however, require that the wall porosity setting be sig-
nificantly less than four percent. For such cases, the influence of the
flaps in providing a large flow rate across the test section wall during
the start should be more pronounced.

Since the pilot tunnel is an exact scale version of the proposed full-
scale HIRT, these start tihe results can be used to predict start times
in the full-sized tunnel. A simple dimensional ratio (hHIRT/hPilot =
13) indicates that the start time of a Ludwieg tube with an 8- x 10-ft
test section and a plenum volume of about 1. 8 times the test section
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volume and an excess exhaust of about 8 percent will be less than 0. 4
sec at Mach 0. 8 and under 0. 7 sec at Mach 1.2, For HIRT, this pre-
dicts a useful, steady-state run time of 2.3 to 2.6 sec. The validity of
a simple dimensional ratio in scaling these pilot data has been verified
through both an analog and a digital solution of the starting flow process.

ressure Test Section
' Centerline es
- / Static Pressure Tapered Porosity | Flaps’
Pipe /—Porous Wall |

/ 7
J@%&)(]@é

. © Model —»
Tube Section Orifice Posltions Support
Section
Cross-Sectional %36%(yp)
View of
Centerline Pipe
(CLP)

Fig. 11 Sketch of Test Section with Centerline Pipe Installed

2.3 TEST SECTION FLOW UNIFORMITY

2.3.1 Test Section Flow Uniformity—Spatial Mach Number Dijstributions

The axial uniformity of Mach number is a prime measurement of
test section flow quality in transonic tunnels. A centerline pressure
pipe (Fig. 11) with 10 static orifices was used in the pilot tunnel to
make this measurement. The blockage of this static pipe is 0.6 per-
cent.

Repeated centerline static pressure calibrations of the Pilot HIRT
test section have been made in the course of this research. Each time,
some improvement was made in the instrumentation and pressure sys-
tem to provide more accurate data. The current axial Mach number
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distribution is given in Fig. 12 for three charge pressures. Data from
positions 3 and 4 have been omitted because of an erroneous measure-
ment produced by orifice irregularities. The axial distribution was
essentially the same for all charge pressures and Mach numbers tested.
Additional data taken at higher charge pressures with a less precise ex-
perimental setup are presented in Ref. 3. The Mach number deviation
illustrated in Fig. 13 is consistently within the band reported in Ref. 4
for all conditions. These data on the spatial uniformity of the test sec-
tion flow, along with the starting results of Section IIb, certainly indi-
cate the absence of any unexpected unsteady flow processes.

During these runs, several plenum pressures were measured to
determine the relationship between the test section and plenum Mach
numbers. This relationship is given in Fig. 14, and the trend with
Mach number is consistent with the data of Ref. 4 for the wall porosi-
ties tested.

Plenum Flow {Plenum Exhaust

Laper_ Control ——. 4_ 'll‘-"
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ty\ Plenum Chamber L
}g:- = Maln Flow
Nozzle Test Section Q Control
105 | mwﬂ-g\cmer of Model
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Fig. 12 Mach Number Distributions for Various Charge Pressures
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Fig. 14 Plenum-Test Section Mach Number Relationship

2.3.2 Test Section Flow Uniformity—Pressure Fluctuations

Sources of disturbance which cause fluctuations or timewise vari-
ations in flow pressure exist in all wind tunnels. Measurements of
these pressure fluctuations have been made in conventional transonic
tunnels (Refs. 5, 6, and 7). Similar measurements were made in
Pilot HIRT for. comparison with those of the more conventional tran-
sonic tunnels and to provide a further indication of the flow quality
available from a short-duration facility.
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There are three items of interest regarding these fluctuating pres-
sure measurements:

1. The root-mean-square (rms) value of the fluctuating
component of pressure - i.e., the severity of the
fluctuation relative to the steady- state static pressure;

2. The frequency content of the fluctuation, with its im-
plications on obtaining data in a short-duration
tunnel; and

3. The source and mechanism of the pressure disturb-
ance - i.e., the potential for reducing the noise,

The first item can be determined rather accurately from the data taken
in the pilot tunnel, the second item is more difficult but can be estab-
lished within limitations, and the third item is still under investigation
in many transonic tunnels.

The very short duration of the-run and the high pressures involved
make it difficult to employ conventional noise recording techniques, As
a result, AEDC-built strain-gaged diaphragm transducers with natural
frequencies of 50, 000 to 100, 000 Hz were used as microphones. The
data were recorded on tape and studied on a Spectral Dynamics analyzer.
The acoustic transducers were mounted on a 10-deg cone located near
the center of model rotation in the test section. Special attention has
been given in the analysis of selected runs between Mach 0.5 and 1.1
which were made with a wall porosity setting of 4 percent and are typi-
cal of all runs made in the acoustic test. Oscilloscope traces from a
typical run are shown in Fig. 15 (Ref. 3). These represent a 4-msec
sample of the fluctuations in pressure out of the 50 msec of data taken
on the recorder. Despite the limited sample, the analyzer data show
a consistent run-to-run spectral content.

The rms pressure fluctuation is presented in a coefficient form
and is compared with data from several continuous transonic facilities
in Fig. 16. Even though the pressure level in Pilot HIRT is signifl-
cantly above that of existing tunnels, the percentage of fluctuation in
the free-stream static pressure is the same as or below the levels in
existing tunnels (p/p < 1 percent, ACp/q <2 percent). The frequency
distribution of this pilot tunnel noise is given in terms of a power spec-
tral density in Fig. 17. A large portion of the power is present in the
4- to 6. 5- kHz range with additional peaks at 8 to 9 kHz and 11 to 15
kHz. The power below 3 kHz has been shown to be mechanically in-
duced during this test in a manner similar to that described in Ref. 3.
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Fig. 17 Frequency Distribution of Pilot HIRT Test Section Noise and
Full-Scale Prediction

If the source of the noise is viewed as a purely jet noise phenom-
enon, the frequency can be correlated by the Strouhal number. The
peak frequency in the jet occurs at a Strouhal number, fD/U, of 0.25.
The following discussion is intended to analyze the parameters which
should be used to scale these pilot data to the full-scale HIRT. In
Pilot HIRT, the diameter of the hole through the test section wall is
0.12 in. for the maximum porosity. At a porosity setting of 4 percent,
the opening corresponds to a diameter of about 0.07 in. To estimate
the flow velocity through the walls, continuity of flow and the plenum
exhaust rate can be used. For 8-percent auxiliary flow at Mach = 0.87
with a 4-percent wall setting, the velocity is approximately 170 fps.
This is only an average velocity through the wall, however, and greater
or lesser local velocities can be expected, depending on the crossflow
requirements to maintain a uniform axial condition in the test section.
The predominant frequencies present in the spectral analysis could
conceivably come from jet flow through the walls., The large power at
4 to 6.5 kHz, in fact, corresponds to the major jet diameter of =0. 12
in. and a velocity of =200 fps.

A sample of the variable-porosity wall has been tested to verify
this conclusion. The wall sample was mounted in a baffled, acousti-
cally treated box. Flow was established through the holes at velocities
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approximating those in the actual test section (without any mean flow
across the plate). The box was connected to a vacuum tank and flow
controlled through the wall sample by means of a metering orifice.

Run times were long and pressures were low enough that conventional
microphones and noise recording equipment could be used. Flow ve-
locities of =100 to =400 fps in the holes were tested. The purpose of
the test was to determine if the noise produced by flow through the wall
behaved in a manner predicted by jet noise theory and if the frequencies
found in the tunnel could be duplicated.

The data obtained with the acoustic sample box are shown in Fig.
18 for the full range of wall velocities tested. Note that the frequencies
shift as expected for an increase in velocity, i.e., an increase in ve-
locity produces a proportionate increase in frequency, and that the fre-
quency content is very similar to the actual test section run data. The
frequencies evident in the data fall very close to those expected from
the physical hole size in the wall sample based on jet noise theory. It
certainly appears reasonable, judging from these considerations and
other evidence of tunnel noise, that the pilot frequency spectrum should
be scaled to the full-scale tunnel by the inverse of the wall hole diam-
eter ratio. The lowest aerodynamic frequency predicted for the full-
scale tunnel based on these experiments is 200 Hz with the dominant
aerodynamic noise at 400 Hz (see Fig. 17). Either filtering or time-
averaging can easily be applied in the full-scale data recording sys-
tem to accurately handle the 1-percent rms fluctuations at these rela-
tively high frequencies even if the duration of the flow is only 2-1/2
sec for the full-scale HIRT facility., Filtering and time-averaging are
exactly the techniques currently employed to process data from wind
tunnels where the experimentalist must usually contend with very low
frequency fluctuations in the order of a few cycles per second.

Valid concern has been expressed about the influence of these wind
tunnel flow fluctuations on the basic vehicle aerodynamics (Ref. 8).
The fluctuating pressures sensed in the measurements described above
have a spatial distribution in addition to the timewise variation, and
they interact with the model flow field in a manner which is not clearly
understood. These spatial and temporal fluctuations have been shown
experimentally to induce premature boundary-layer transition to turbu-
lence and cause sufficient variation in the flow field over the model to
compromise the validity of dynamic-stability measurements among
other things. These are not new wind tunnel problems, but they do
gain importance when one attempts to sort out ''Reynolds number effects. "
An obvious concern about these phenomena developed into one of the
basic, fundamental criteria in the choice of the Ludwieg tube concept
for a high Reynolds number transonic tunnel described in Ref. 3.
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The frequency of the noise will primarily determine its influence
on the wind tunnel flow field. There is some evidence (Ref. 9) that
only the lower frequency fluctuations (<100 cps) excite the overall mod-
el flow field, as shown in Fig. 19. The frequency distribution of the
shock movement is very similar to the distribution of the tunnel noise
up to about 50 Hz. The shock appears to be strongly excited by the
flow-field fluctuations (aerodynamic noise) up to about 50 Hz; however,
aerodynamic noise above 150 Hz does not cause any detectable shock
oscillation. The overall flow field about the model cannot respond to,
and hence will tend to be less influenced by, the higher frequency fluc-
tuations. As already discussed, the lower frequencies which can pro-
duce the significant flow field distortion appear to be much less domi-
nant in a Ludwieg-tube-type facility. Further basic research into the
noise environment of the pilot tunnel and a determination of the proper
scaling parameters is currently underway.
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Fig. 19 Influence of Low Frequency Tunnel Flow Oscillations on Shock Movement
at Shoulder of Cone-Cylinder
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2.3.3 Tunnel Wall Boundary-Layer Characteristics

An understanding-of the flow process in the charge tube of any
Ludwieg tube tunnel is a basic requirement for properly mating the
test section and storage system to minimize flow disturbance during
the tunnel run. One of the sources of poor quality flow from the charge
tube is the turbulent boundary layer which grows on the wall. Typical
lengths of charge tubes tend to be so large that significant boundary-
layer thicknesses are produced in spite of the thinning influence of very
high unit Reynolds numbers. The charge tube boundary layer, of in-
creasing thickness, can produce both radial and timewise gradients in
flow properties. Since economic considerations dictate a minimum
charge tube diameter for a given test section size, the implications of
the charge tube boundary layer on test section flow must also be
considered. A detailed theoretical treatment of this unsteady
boundary-layer problem has been reported by Becker in Refs. 10 and
11. Although no explicit measurements of the boundary-layer thick-
ness on the charge tube wall have been reported, the timewise meas-
urements of pitot pressure shown in various Ludwieg tube reports
(Refs. 12, 13, and 14) can be used to infer a boundary-layer thickness.
Rather than rely completely on this comparison for the proposed full-
scale HIRT, it was felt that measurements in the pilot facility were
required.

Boundary-layer survey rakes were installed in the pilot tunnel at
the locations shown in Fig. 20. These locations were the charge tube
exit, the contraction exit, and the center of model rotation in the test
section. Runs were made at charge pressures of 100 to 600 psia. The
profiles were measured at a selected time point during the run and also
were recorded on an oscillograph through the run,

In general, the run-to-run repeatability and agreement in the pres-
sure measurements between all probes outside the boundary layer have
been about £1/4 to 1/2 percent (depending on the instrumentation sys-
tem employed). For probes inside the boundary layer, the run-to-run
repeatability was about 1 percent. This was due to the limitations of
a fixed-time-point measurement considering the fluctuating nature of
a turbulent boundary layer and a slight tube ring on some of the higher
pressure runs.

The boundary-layer profiles obtained at the charge tube exit with

the single time-point trapping measurement system are given in Fig.
21. The profiles are shown for a given charge pressure and a range
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Fig. 20 Diagram lllustrating Location of Boundary-Layer Survey Rakes in Pilot HIRT

of times during the run (taken on multiple runs). The velocity distri-
butions are fully turbulent with 1/7- to 1/9-power-law profiles, de-
pending on the time at which the data are taken. The velocity ratio is
calculated from the measured pitot pressure profile based on the as-
sumption of an isothermal boundary layer. There is a slight heat trans-
fer from the tunnel wall in the operation of the Ludweig tube since the
stagnation temperature of the flow is lower than the charge temperature
(tunnel wall temperature). Calculations have shown that the effect of
this temperature variation on the vélocity distribution through the bound-
ary layer is small, The best judgement of the experimental boundary-
layer edge location is shown in each case.
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A measurement of the boundary-layer thickness was also obtained
from the oscillograph trace itself. As long as a given probe is outside
the boundary-layer edge, it measures a constant p,. As the boundary-
layer edge grows out to, and past, the probe, the pitot pressure drops
measurably. By noting the time during the run at which the pressure
change is first seen at a probe of known height, an "instantaneous"
boundary-layer height measurement can be made. A typical trace of
this phenomenon is shown in Fig. 22, This variation in boundary-layer
thickness with time was found to be in good agreement with the fixed
time-point data; however, the instantaneous edge was about 20 percent
thicker than mean position of the boundary edge measured with the
trapping system. This is to be expected based on Fig. 23, taken from
Ref. 15, which illustrates the observed phenomenon.
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Fig. 22 Oscillograph Trace, Pressure versus Time

In relating these measurements to the theory which has been devel-
oped by Becker, a study of Fig. 24 is helpful. As the wave passes down
the tube and sets the gas into motion, a boundary layer grows. The

i growth inside the wave is strongly influenced by the favorable pressure

25



AEDC-TR-7

3-168

Ref. 15

Boundary Between
Layer and Free Stream

Thickness §

/

ok e

///}/////// 5//7// /7777777

Fig. 23 Schematic Diagram of Boundary-Layer Velocity Profile

(Matched at Tail of Wave)

Concentrated Wave (No

Wave Wave
Tail Head
- Uda
Combination Solution — g -U@a [Ty

Uda Influence of Pressure
_'—-—-.___ .
—_— Gradient Over AW)
e S,
r 1] e e —
(Pressure Gradient Match k___-:
Qver Entire Ax) Point -
W oo
Wall
Ax -
Measurement
Station

i’
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gradient in the wave, and a relatively thin boundary layer results for

a given Ax.

If the wave is relatively thin (AW small compared to Ax),

then the boundary layer will grow virtually without favorable pressure

gradient and will be somewhat thicker for a given Ax.

Becker's theory

provides for a ""matched' solution for cases of interest between the two
extremes of a concentrated and completely spreadout wave.
HIRT, the early time-point measurements are in a boundary layer
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which has grown almost completely within the wave, and the late time-
point measurements are still influenced by the favorable pressure
gradient in the wave (have not completely approached the concentrated
wave case).

Becker's theoretical edge is shown for some cases in Fig. 21;
and it can be seen that the predicted thickness is somewhat less than
the experimental value, The wall shear stress equation used in his
solution is valid for Reynolds numbers of 107 only, and these measure-
ments are all at 102 or greater. Becker's theory has been modified to
properly account for the high Reynolds number skin-friction coefficient
among other things, and the predicted edge using the improved theory
is shown for some cases in Fig. 21, The experimental data, along
with Becker's theory and the improved theory, are plotted in another
form in Fig. 25. It can be seen that the irmmproved theory agrees closely
with all the experimental data and that the influence of growth within
the wave is properly predicted. The trend in boundary-layer thickness
with increasing Reynolds number is adequate but will be studied further,
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Fig. 25 Variation of Charge Tube Boundary-Layer Thickness Parameter with
Reynolds Number for Early and Late Times
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A typical boundary-layer profile obtained at the contraction exit is
shown in Fig. 26. A theoretical calculation of the turbulent boundary-
layer growth on a flat plate with both a starting profile similar to that
observed at the charge tube exit and a favorable pressure gradient (as
determined from the inviscid contraction} gives a good approximation
to the experimentally observed profile. The profiles were found to be
relatively insensitive to the amount of auxiliary flow through the porous
wall. The auxiliary flow was varied from zero percent {(porous walls
sealed closed) to about 8 percent. It appears that this profile is pri-
marily a result of the charge tube exit profile and the contraction ratio
upstream of the measurement station, not the suction on the porous
wall downstream of the measurement station. Similar profile data,
taken at several times during the run, are plotted in Fig, 27. The
variation in thickness with time is well behaved and similar to the
boundary-layer growth at the charge tube exit. These profiles have
been integrated to obtain the change in 6* at the contraction exit, as
shown in Fig. 27. A further group of boundary-layer profiles, taken
in the test section at the center of model rotation, is given in Fig. 28.
These are similar to the contraction exit profiles with the exception of
their showing a slight effect on the profile near the wall due to the long
run over the test section wall in zero pressure gradient.

If the change in §* with time at the contraction exit is considered,
in the classical sense, to produce an area ratio (A/A¥) change, a
Mach number variation of about 0. 12 would be expected between 80 and
120 msec into the run on runs near Mach 1. 0 based on the measured
profiles., Experimentally, such a Mach number change has never been
observed in the pilot tunnel even cn repeat runs in the very sensitive
range between Mach numbers 0.98 and 1. 02. In this Mach number
range, Mach number changes of less than 0. 005 between 60 and 120
msec into the run are the norm. It is evident from this observation of
the very constant test section Mach number with time, and the similiar-
ity of boundary-layer growth with time at the three measurement sta-
tions, that no area ratio changes occur during a run. This should be
true for all subsonic-transonically operated Ludwieg tubes where the
choke point downstream of the test section can be expected to undergo
boundary-layer growth similar to that in the charge tube.

The fundamental criteria, then, for the design of a high flow qual-
ity transonic tunnel using the Ludwieg tube storage system is that a
uniform core exist in the test section for testing adequately sized mod-
els; however, the classic criteria which reflects the boundary-layer
. growth as an area change (and hence a flow property change} is only
valid if the change in all areas with time is adequately considered {see
Ref. 14 for an attempt).
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24 AERODYNAMIC FLOW RESPONSE AT TRANSONIC SPEEDS

The fundamental question to be answered before advocating short-
duration testing in any speed range concerns the time required for the
flow field over the body to reach a steady-state condition. This will
give the lower limit of test time required regardless of the frequency
content of the test section aerodynamic noise or the response charac-
teristics of force and pressure measurement instrumentation. The re-
sponse of the inviscid flow field itself, the boundary layer, and sepa-
rated flow fields (shock-induced or otherwise) must each be considered.

The flow response time is a function of the size of the body over
which the flow must adjust and the flow velocity at which the adjust-
ment can occur. This can be expressed by the Thompson number, T,
which is

v = U
7

In general, there will be a nondimensional flow response time associated
with the response of each type of flow field (inviscid, boundary layer, or
separated flow), and it is important to determine their magnitudes.

An experiment was designed for the Pilot HIRT to obtain some con-
crete data on the response of the inviscid and boundary-layer flow fields
about a body to a rapidly imposed change in body attitude at transonic
speeds. The experimental apparatus is shown in Fig. 29. The 15-deg
semiangle cone model with a base diameter of 1. 75 in. was positioned
initially at an angle of attack of -4 deg and then displaced to +4 deg
angle of attack. After the tunnel starting process was completed and
the test section flow conditions stabilized, the system was actuated to
impose a rapid cone attitude change. The model required 4 to 6 msec
to traverse the 8-deg sweep. The exact instants at which the model
began motion at -4 deg and ended ndotion at +4 deg were determined
from a simple electrical contact system. There was no measurable
change in plenum pressure induced by the model motion either above
or on the side of the test section. A fast-response differential pres-
sure transducer with less than 1/4-msec response to a step input was
mounted inside the model with surface pressure orifices on the most
windward and leeward rays at the same x/£. The length from the nose
of the cone to the pressure orifices was 2.9 in,
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Fig. 29 Photograph of Flow Response Model Installation

It was found that the time required for the differential pressure to
stabilize at the value dictated by the +4-deg angle of attack was less
than 1/2 msec from the instant the model arrived at that position. The
nondimensional response time which can be derived from these data on
an inviscid and boundary-layer-dominated flow field is

TR 1T

The response of the boundary layer itself to time-varying inviscid
flow-field conditions has been studied experimentally and analytically
in Refs. 16, 17, and 18. Wedge and flat-plate flows for both laminar
and turbulent boundary layers at subsonic and supersonic conditions
have been evaluated. These data show that for laminar boundary layers

T =~ 2 to 4
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and for turbulent boundary layers
T = 1to 2

Testing in HIRT will generally be conducted at Reynolds numbers suf-
ficiently large to insure turbulent boundary layers over the majority of
the model, which makes the latter value of T the most reasonable for
estimating purposes. Note that this value is in good agreement with
the Pilot HIRT experimental results just presented which were obtained
under a condition with turbulent boundary-layer on the model.

A very sophisticated and informative experimental study was con-
ducted with an oscillating airfoil (Ref. 19) from which some estimates
of the aerodynamic response of shock-boundary layer coupled and sep-
arated flow fields can be made. A two-dimensional NACA 6-series
airfoil model with a chord length of about 7 in. was fitted with a mov-
able control surface of 25-percent chord. The control surface was
oscillated at various frequencies while the pressure distribution over
the upper and lower airfoil surface and shadowgraph pictures of the
shock location were obtained. The shock location moved over the
upper airfoil surface as the angular position of the control surface
changed. Also, the trailing edge flow became separated at the nega-
tive control surface positions. The slow response of the pressure tub-
ing system and instrumentation invalidates this measurement for any-
thing but time-averaged results. However, the shadowgraph pictures,
which do not suffer from such limitations, give an accurate measure-
ment of shock location versus time.

If the flow response length is defined as the length from shock lo-
cation to the control surface trailing edge and the experimental resolu-
tion of shock location is estimated to be within 0. 2 deg equivalent con-
trol surface angle, an approximate T can be established from these
limited experiments. This value of nondimensional response time
which can be associated with shock-~boundary layer coupled and sepa-
rated flow fields is

QN

T =5

With the values of T established for these various types of flow,
one can estimate flow response times for body sizes which are typical
of the full-scale HIRT (8- x 10-ft test section). These calculations
are presented in Fig. 30 for a typical transonic Mach number of 0. 85.
The flow response time is less than 40 msec for bodies as long as 6 ft.
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This response time is very short when compared with the HIRT facility
running time, and a combination pitch-pause and continuous sector
sweep will be employed to fully utilize the test time.

U ompoes 1
5 (Shock-Separated
Flow Field)
W |- 4 (Laminar Boundary
Layer)

2 (Turbulent Boundary
Layer}
1.8 (Invisid Flow Field)

Flow Response Time, msec
3
1

10 -

0 U N S S SR (R (N
o 1 2 3 4 5 6 1 8

Flow Response (or Model) Length, £, ft

Fig. 30 Flo_w Response Time for Selected Flow-Field Types
and Range of Body Lengths

2.5 PRESSURE DISTRIBUTIONS AND AERODYNAMIC FORCES
ON SELECTED MODELS

Pressure and force measurements have been made on selected mod-
els in Pilot HIRT to demonstrate the feasibility of making such measure-
ments in a short-duration transonic facility. In the process, of course,
data were obtained which aid in analyzing transonic wall interference
and Reynolds number effects.

A two-dimensional model of the C-141 wing (section normal to the
wing leading edge at 38.9 percent of the semispan) has been tested in
Pilot HIRT. This model is similar to the configuration which has been
under extensive study by others (Refs. 20 and 21). Tests have been
conducted at free-stream Mach numbers of 0. 75 to 0. 85, angles of at-
tack of 0 and 2 deg, and at-chord Reynolds numbers of 2.7 x 106 to
15 x 106. The airfoil, shown in Fig. 31, has a chord length of 2 in.
The pressure distribution is measured at 15 locations.on the upper air-
foil surface only. The pressure tubes are 0. 045 I. D. with six 0, 02-
diam feeder holes each, as shown in Fig. 31.
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The model has a 3. 2-percent blockage in the test section which is
corhparatively large but could not be decreased since the model is al-
ready of minimum practical size. The airfoil size was chosen from
the interplay of tube response (diameter) requirements, desired num-
ber of pressure measurements, tunnel blockage, and allowable model
stress levels. To help alleviate some of the blockage effects, the air-
foil was mounted perpendicular to the longer side of the test section
rectangle, 1/2 in. off centerline, with the lower surface closer to the
tunnel wall. A view of the model installation in Pilot HIRT is given in
Fig. 32.

The pressure distributions measured on the upper surface of the
airfoil at Mach 0. 80 and model angle of attack of zero are plotted in
Fig. 33. At this condition, an extensive supercritical flow region
existed on the upper surface. These pilot tunnel results are in good
agreement with the low blockage (=0. 04 percent}) measurements made
on a 6-in. chord airfoil in AEDC 16T and exhibit the same trends with
wall porosity variation as the 0. 7-percent blockage data on the same
model in AEDC 4T (Ref. 21). The slight disagreement in pressure dis-
tribution at about the 15-percent chord location probably results from
small model dimensional differencés that were detected. The HIRT
airfoil was 1 to 5 thousandths of an inch thicker than prescribed which
corresponds to up to 2 percent in local thickness. The pressure dis-
tribution for a range of chord Reynolds numbers is shown in Fig. 34.
Some shock movement in the rearward direction and an increasing
trailing-edge pressure coefficient is evident as the Reynolds number
increases. The magnitude and direction of these changes are similar
to the results given in Ref. 20.
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(]
1.

Fig. 32 Installation of the C-141 Airfoil Mode! in Pilot HIRT
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Fig. 34 Pressure Coefficient Distribution on the Upper Surface of the C-141 Airfoil
for a Range of Chord Reynolds Numbers, M_ =0.85,a =0
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The pressure distributions measured at Mach 0. 85 and zero angle
of attack are plotted in Fig. 35. In this case, both a supercritical flow
region and an extensive trailing-edge separation existed on the upper
surface. These results are also in good agreement with those of Refs.
20 and 21,

Tunnel My Re

P = _<
-1,2 ¢ —=—=AEDC-16T
6-in. Chord 0.8 2.6x 100 Interference Free
-L0 Rec
Pilot HIRT 2.8x10) = O
-0.8 |- 2-in. Chord 7.2x10—— 0
T,°6.2% 15.2x100— 0
-0.6 |
c‘,u
-0.4 |-
-0.2 |-
Nt\\
0 +
[]
1
!
0.2 |
0.4 1 | | | 1 ] L 1 1 J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
Chordwise Station, x/c

Fig. 35 Pressure Coefficient Distribution on the Upper Surface of the C-141 Airfoil
for a Range of Chord Reynolds Numbers, M_= 0.85,a =0

These data and the other high Reynolds number results do not ex-
hibit the expected sensitivity to Reynolds number changes. The shock
location on the 2-D airfoil does not move appreciably when compared
to the shock movement on the full- Iscale C-141 configuration. Cahill
concludes that the rear separationon the airfoil, and, hence, the
shock location, could be strongly influenced by the proximity of the
engine nacelles and trailing-edge construction break to the n = 0. 389
station (Ref. 20). Neither of these characteristics was simulated in
Cahill's swept panel test or the AEDC two-dimensional tests. Once
separation occurs (regardless of the specific forcing function), the
aerodynamics become highly sensitive to the Reynolds number; hence,
differences between wind tunnel and flight data are present.
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A series of force measurements has been made on 12-1/2- and 15-
deg semiangle cones in Pilot HIRT. It was the intent of these measure-
ments to insure that the timewise nature of the aerodynamic force pro-
duced by the flow was as expected from the pressure measurements
discussed previously and that no uriexpected measurement problems
existed. The tunnel solid blockage of the models was varied from 0.7
to 3.6 percent, and the sting-to-model base diameter ratio ranged
from 0.2 to 0. 6. The Reynolds number based on model base diameter
varied from 1.7 x 106 to 4.1 x 106.

A three-component, load-cell-type balance was used during the
experiments. The strut which supported the sting-model was simply
attached to the diffuser wall with no provision for isolation from the
‘tunnel vibration. It was found that filtering was entirely adequate to
“‘minimize the variation in force produced by the tunnel vibration during
the run. A sample trace of the axial and normal-force variation during
the run is given in Fig, 36. It can be seen that the forces become con-
stant (within the mechanically induced variation) at the same time that
the tunnel stabilizes on Mach number. The force also remains constant
until the return of the reflected expansion wave.

p4 = 125 psia
Mm = 0 735
12.5-deg Semiangle Cone Model
a =6deg
! ] Axial Force (9'0-cps'FiIterl
_y o~
/ Forward Normal Force {40-cps Filter)
T T
____/ Aft Normal Force {40-cps Filter)
L L 1 1 |
/ L~ | 10
PR [ mseci
Charge
—\\ Pressure (Pg)
] \\ Stagnatlon Pressure (p,)
NN | Mach Number L1 |
N = Constant Plenum Static Pressure (pp)
~~— Model Base Pressure (pg)
|

Fig. 36 Model Force and Pressure Variation during Typical HIRT Run
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The model forces which were measured in the transonic regime
are influenced by the physical blockage of the model in the tunnel and
the size of the sting in relation to the body. Streamlines are restrained
from adjusting about the body properly either by the presence of a wall
with insufficient or improper cross-flow characteristics or by the pres-
ence of sting which is too large at the model base. Both of these effects
can produce comparable errors in the base drag and the forebody drag.
A range in both of these parameters was investigated in Pilot HIRT;
however, only the lower blockage and smaller sting-to-base diameter
ratio, ds/D, results will be discussed.

The total drag rise on a 12-1/2-deg semiangle cone is plotted in
Fig. 37 for two blockages where the tunnel was operated at a fixed
porosity of 6 percent. The data are compared to the results of Ref.
22, and it can be seen that the HIRT results approach these data as the
blockage decreases. This is exactly as expected based on the blockage
study described in Refs. 23 and 24 for a fixed-porosity transonic tun-
nel. In conjunction with the Pilot HIRT test, a series of experiments
was conducted in the NASA-MSFC 14-in. transonic tunnel (Ref. 25)
which has a variable-porosity, 60-deg inclined hole wall. The porosity
schedule for the walls was opened 6-percent for Mach numbers up to
0. 85, closed to about 1 percent at Mach 1.0, and then reopened to 3 to
6 percent at Mach 1.1 and 1.2, respectively. This schedule was
developed from extensive wave reflection tests similar to those de-
scribed in Refs. 2 and 26. Typical results from these tests are also
shown in Fig. 37. Even at relatively high blockages, it can be seen
that the drag rise in the variable-porosity tunnel is almost exactly the
same as the low blockage data in the fixed-porosity tunnel.

The rise in forebody drag coefficient is plotted in Fig. 38 and again
the HIRT data are in good agreement with previous results. Taken to-
gether, Figs. 37 and 38 indicate that the base drag is most strongly in-
fluenced by the blockage or ds/D at near Mach 1 since the total drag is
the sum of the forebody and base drags. However, blockages of 2 to 3
percent have also been shown to produce significant variations in the
forebody drag rise, as well as the base drag variation in a fixed-
porosity tunnel, as evidenced by the data given in Ref. 27.
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Fig. 37 Transonic Rise in Total Drag Coefficient, 12.5-deg Semiangle Cone
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Fig. 38 Transonic Rise in Forebody Drag Coefficient, 12.5-deg Semiangle Cone

Similar results obtained on a 15-deg semiangle cone are plotted in
Figs. 39 and 40 where the trend of the Pilot HIRT data is exactly as ex-
pected. The variable-porosity MSFC data can be considered to be ana-
logous to 0. 5-percent blockage fixed-porosity data (based on the 12-

1/2-deg cone results given in Figs. 37 and 38).
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that the transonic drag data taken in Pilot HIRT are in complete agree-
ment with similar data taken in other long-duration transonic facilities
within the constraints of tunnel blockage.
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Fig. 39 Transonic Rise in Total Drag Coefficient on a 15-deg Semiangle Cone
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Fig. 40 Transonic Rise in Forebody Drag Coefficient on a 15-deg Semiangle Cone
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Limited normal-force and pitching-moment data were also taken
during the test and found to be in good agreement with the results of
Refs. 22 and 27,

SECTION I
RELATED RESEARCH STUDIES

3.1 PLENUM VOLUME STUDY

As noted earlier, during the HIRT starting process, passage of the
rarefaction waves through the test section causes the pressure in the
plenum chamber to adjust as the test section pressure is reduced. Dur-
ing this process and before an equilibrium test section flow is established,
a large fraction of the air in the plenum must be removed through
the porous walls. Since the total flow time for the full-scale HIRT is
about three seconds, it is essential to minimize the time to establish
the test section flow. This may be accomplished by keeping the plenum
volume as small as is practical. In addition to the start-time benefits,
reduction in the plenum size results in considerable faciltiy cost sav-
ings.

The effect of plenum volume on transonic wind tunnel performance
is relatively unknown, and in the beginning of the HIRT studies the au-
thors knew of only two published investigations of the effects of plenum
volume (Refs. 28 and 29). These were conducted with.slotted-wall test
sections. Presented in Ref. 29 are the results of an experimental in-
vestigation of the influence of plenum size (i.e., depth and slotted-wall
length) on the zero-lift interference characteristics of a circular arc
half model mounted on one wall. Variations of the depth and length of
the plenum for the opposite wall and model blockage were found to have
little influence on either the average plenum pressure or interference
characteristics of the test section when the plenum volume to test sec-
tion volume was greater than unity (Vp/Vp > 1).

Since little is known about the effects of plenum volume on perfo-
rated wall transonic wind tunnels, experiments were conducted in sup-
port of HIRT to study the effects of plenum volume on the test section
flow characteristics (Ref. 30). Information acquired included free-
stream Mach number distributions, wave-cancellation properties of
perforated walls, force data on a delta wing model, and tunnel acoustic
data which were used to evaluate the influence of plenum volume to test
section volume ratios from 8. 3 to 0. 8. A volume ratio of approximate-
ly 9 represents the standard of most of today's transonic tunnels.
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3.1.1 Apparatus

The tests were conducted in the AEDC-PWT 1- x 1-ft continuous-
flow, nonreturn transonic wind tunnel equipped with a two-dimensional,
flexible nozzle; perforated walls; and an auxiliary plenum evacuation
system. The variable-porosity test section walls can be set for poros-
ities from 0 to 10 percent; however, the installation of the auxiliary
plenums to change the plenum volume made it difficult to change the
wall porosity during the test. Therefore, the wall porosity was set at
3 percent for this investigation.

The effective plenum volume was varied by the use of three remov-
able plenums that could be installed in the regular tunnel plenum. Ple-
num configurations and sizes hereafter referred to as standard (volume
ratio 8. 3), large (3. 0), medium (1. 8), and small (0. 8) are shown in
Fig. 41.

AEDC-PWT IT Tunnel  VPVT

Standard Tunnel 8.3
Large Internal Plenum 3.0
Medium Internal Plenum 1.8
Small Internal Plenum 0.8

(D Location of Test Section Wall Microphone
(@ Location of Internal Plenum Microphone
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Fig. 41 Cross-Section View of Various Plenum Configurations
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Local Mach number distributions along the centerline of the test
section were obtained with a static pressure pipe having a total of 41
orifices spaced 2 in. apart. A 20-deg cone cylinder configuration used
extensively at the AEDC and elsewhere for study of the effectiveness of
porous walls in attenuating shock reflections was used in the current
tests. Tunnel blockage of the model was 1 percent. AGARD Calibra-
tion Model B has been used extensively for comparison of force and
moment data between facilities. At zero angle of attack, the tunnel
blockage was 2.5 percent. The AGARD model used in the plenum vol-
urae studies is shown in Fig. 42.

3.1.2 Instrumentation

Model, static pipe, and tunnel pressures were measured with
multitube mercury manometers and selected pressures were also
measured with six precision transducers for on-line monitoring.
Force data on the AGARD Model B were measured with a six-
component internal strain gage balance, and base pressures were
measured with a precision pressure transducer.

Fig. 42 AGARD Calibration Model B Installed in AEDC-PWT 1-ft Transonic Tunnel
Test Section
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Also considered in the investigation was the influence of the size
of the plenum volume on the magnitude and frequencies of the fluctuat-
ing pressures in the test section. This possible influence was evalu-
ated with microphones installed in the stilling chamber, in the test
section wall immediately downstream from the nozzle exit in the in-
ternal plenums, and in the standard plenum. The test section micro-
phone was installed with the diaphragm flush with the wall, and the
plenum chamber microphones were installed in the forward region of
each plenum in areas that were expected to have relatively low flow
velocities. Vibration sensitivity of the microphones was evaluated
with accelerometers integrally mounted with the stilling chamber and
test section wall microphones. Locations of the test section and ple-
num microphones are shown in Fig. 41. The output of each microphone
and accelerometer was measured using a root-mean-square (rms) volt-
meter and recorded on magnetic tape for off-line spectrum analysis.

3.1.3 Procedure

The tests were conducted over the Mach-number range from 0.6
to 1. 3 at stagnation pressures from 19 to 21 psia with the nozzle set
at the sonic nozzle contour and the perforated walls set at 3-percent
porosity. The experimental program consisted of three phases. Dur-
ing phase one, tunnel calibration data and centerline Mach number dis-
tributions were obtained for the three auxiliary plenum configurations
using a centerline pipe. Static pressure distributions were obtained
on a 20-deg cone cylinder in the second phase to investigate the effects
of plenum volume variations on the ability of the perforated walls to elim-
inate compression and expansion wave reflections from the test sec-
tion walls. In the third phase, the effects of plenum volume variations
on force and moment data were investigated using AGARD Calibration
Model B.

3.1.4 Centerline Mach Number Distributions

Representative test section centerline Mach number distributions
obtained with the three plenum chambers are shown for M, = 1 and 1.15
in Fig. 43. Also included for comparison is the Mach number distri-
bution for the standard plenum configuration. The most notable in-
fluence of plenum size at Mach 1. 15 occurred near station 20 for rea-
sons yet unknown. An assessment of the Mach number distribution
was made in terms of the 20 Mach number deviations between stations
14. 4'and 34. 4 for all of the plenum configurations. Analysis of these
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results shown in Fig. 44 indicates that below M, = 0. 95 variations in
plenum volume had no measurable effect on the Mach number distribu-
tion. Above M, = 0. 95, decreasing the plenum volume increased the
20 Mach number deviations when compared to the standard plenum;
however, the 20 Mach number deviations were approximately the same
for the medium and large size plenums, Vp/VT = 1.8 and 3. 0, respec-
tively. The departure of the 20 Mach number deviations for the small
plenum (Vp/VT = 0. 8) is primarily the result of the Mach number dis-
tribution near station 20 that was noted in Fig. 43.
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Dl#. o _‘I —T-—A@
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Fig. 44 Centerline Local Mach Number Deviation, Plenum Volume Effect

It should be noted that the internal plenums were open to the regu-
lar tunnel plenum only at the rear of the test section which required
the removal of the entire mass flow from each wall to pass through the
rear openings. This arrangement did not allow flow around the plenum
from one area to another. Since most of the mass flow removal through
the walls occurs ahead of station 14 at Mach numbers above 1, removal
of the auxiliary plenum flow in the vicinity of the tapered porosity region
would reduce the flow inside the plenum aft of station 14 and improve the
Mach number distributions.

3.1.5 Cone-Cylinder Pressure Distributions
Pressure distributions on a 20-deg cone-cylinder model for three

plenum configurations that are generally representative of results at
all Mach numbers are compared with interference-free data from Refs.

47



AEDC-TR-73-168

31 and 32 at M, = 1 and 1. 15 in Fig. 45. At M, = 1 and 1. 15 there was
little influence of plenum volume; however, the M_ = 1 results at x/D =
4 to 6 were not in agreement with the interference-free data. If the
wall porosity were changed from the constant 3 percent, these effects
would probably disappear. At Mach 1.15, the pressure distributions
were in good agreement with the interference-free data.
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Fig. 45 Effect of Plenum Volume on Cone Cylinder Pressure Distribution

3.1.6 AGARD Model B Force Data

Decreasing the plenum volume had no significant influence on the
1ift and pitching-moment results; however, the forebody drag coeffi-
cient at Mach numbers above 1. 05 increased with the small plenum,

Fig. 46. No notable influence of plenum volume was found on the base
drag.
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Fig. 46 Plenum Volume Influence on AGARD Model B Drag Coefficient

3.1.7 Acoustic Data

The test section wall acoustic data are presented in Fig. 47 to
show only the relative influence of test section noise levels as a
function of plenum volume size. The only significant effect of plenum
volume was at Mach numbers below 0.9 where the small plenum and
standard plenum basically produced the same test section sound levels,
whereas the medium and large sizes had an effect at M = 0.6 and 0. 8.
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3.2 EXHAUST ACOUSTICS

The current national emphasis on environmental considerations of
all types made the operational noise produced by the exhaust system of
HIRT of prime interest in the early phases of conceptual design. The
nature of the facility - i. e., blowdown to atmosphere, and the very
high flow rates associated with the high Reynolds number operation of
such a large tunnel produce a potentially hazardous noise environment
equal to, if not beyond, the state-of-the-art in acoustic prediction tech-
nology. The facility is sited in an isolated area of AEDC (Fig. 48} to
minimize the influence of the acoustics on existing facilities and in-
habited areas. A comprehensive analytical and experimental investi-
gation of the noise-generating mechanisms associated with the operation
of the facility has been completed and reported (Ref. 33}). Recognizing
the limitations and possible errors of present prediction methods, this
investigation relied heavily on a scale model test program which ex-
amined in detail the exhaust flow noise.

3.2.1 Description of Apparatus and Experiments

A one-thirteenth-scale model of the HIRT exhaust system was at-
tached to a high-pressure storage system which allowed continuous
operation over many seconds. Installation of the acoustic model is
shown pictorially in Fig. 49. The dominant features of the model are
the individual simulated start valves which are manifolded together
inside of an exhaust stack as shown in the photograph in Fig. 50.
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Fig. 49 Photograph of the 1/13-Scale Acoustic Model Facility of HIRT
Exhaust System Showing Microphones and Stands

Fig. 50 Photograph of the 1/13-Scale HIRT Exhaust Manifold and Valve
Simulators—View Looking Down into Exhaust Stack
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Approximately 35 standard acoustic microphones were arrayed around
the exhaust stack at distances simulating both the near-field and far-
field noise dominated regions (Fig. 51). The model facility was op-
erated at stagnation pressures of 250 to 500 psia and flow rates up to
650 1lb/sec. Measurements of the spectral content and spatial distri-

bution of the noise around the stack were made at each operating con-
dition.
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Fig. 51 Microphone Instrumentation Locations for Field Measurements
of the Exhaust Flow Noise
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3.2.2 Results and Application to Full Scale

To define the acoustic environment resulting from operation of the
model facility, several characteristics of the noise field and the inter-
relationship of the noise with the facility operational variables are re-
quired. These include:

(a) Effects of total pressure and mass flow rate on the noise;
(b) Free-field directivity characteristics of the noise; and
(c) Spreading characteristics of the noise.

Both .the starting noise (compression field produced by valves opening
over 0. 1 sec) and the steady state or running noise were evaluated.
Because, in general, the starting noise was found to be less severe
than the running noise (Ref. 33), only the steady-state results will be
discussed. A typical experimental noise spectral distribution is shown
in Fig. 52 for a range of radial distances from the exhaust stack center.
Evaluation of these three noise field characteristics involved analyses
of both the overall sound pressure levels and one-third octave band
spectra of the experimental results. The following discussion is a
synopsis of the detailed results presented in Ref. 33.

For various fixed values of mass flow rate, changes in stagnation
pressure were found to have no influence on the overall sound pressure
level. The implication of this result is that nature of the flow within
the diffuser-manifold section has little influence on the noise radiated
to the free field. Variations in the mass flow rate, on the other hand,
were found to produce a very direct influence on the overall sound
pressure level. A very repeatable increase in overall sound pressure
level of 6db per doubling in mass flow was evident. Thus, for the pur-
poses of predicting the full-scale noise from the model scale data, only
the mass flow rate is required as a known operational parameter.

The directivity of the facility exhaust noise radiated to the free
field was evaluated in a plane parallel to the ground and in a plane nor-
mal to the ground plane. No distinet directivity characteristics were
evident in the plane parallel to the ground which indicates that the ex-
haust stack is effective in directing both the exhaust flow and the as-
sociated noise field in an upward direction. A pronounced directivity
was evident in the plane normal to the ground plane with the peak noise
measured at a height of 20 ft on the pole located as shown in Fig, 51.
The data are clearly consistent with previous measurements of jet ex-
haust noise directivity and shielding. A distinctive shadow zone is
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present at heights below the exit of the exhaust stack which has a large
influence on the near-field acoustic sound pressure level. The data also
show both destructive and constructive interference of the primary and
ground reflected waves at specific radii from the exhaust stack as evi-
denced by the spectral shapes below 500 Hz shown in Fig. 52.
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Fig. 52 One-Third Octave Band Spectra of the 1/13-Scale Model HIRT Exhaust Noise
Showing the Effect of Radial Location on the Ground Plane Noise,
P, = 500 psia, Wr = 630 Ib/sec

A composite plot showing the near-field directivity effects and the
far-field spreading characteristics of the noise is given in Fig. 53. In
the near field, the overall level is dominated by the distance above the
ground level; and, in the far field, the noise level decreases at about

6 db per doubling in distance.

The far-field model data are slightly

affected by atmospheric absorption losses; however, the model data
were corrected for these absorption effects prior to making full-scale
HIRT estimates.
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Fig. 53 Variations of Overall Sound Pressure Level with Distance and Height
for the Maximum Model Test Condition

This detailed knowledge of the model spectral content, the scaling
of spectral content with size, the directivity and spreading of the model
exhaust noise field and the determination of the mass flow rate as a
basic scaling parameter has resulted in the full-scale HIRT noise pre-
diction given in Fig. 54. This represents the variation in overall
sound pressure level with radial distance from the exhaust stack for
the maximum full-scale operating condition (pg = 500 psi; M = 1, 0).
Included in this figure are estimates of the atmospheric absorption
and attenuation from ground cover which have a significant effect on
the far-field noise levels for the predicted frequency content of the
full-scale exhaust noise., These overall sound pressure levels have
also been weighted by appropriate subjective noise scales based on the
predicted noise frequency spectrum to arrive at the ''perceived noise"
levels in controlled and uncontrolled areas surrounding the facility;
see Fig. 55. The environmental impact of these exhaust noise levels
is discussed in detail in Ref. 34.
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SECTION IV
CONCLUDING REMARKS

In support of the development of the AEDC high Reynolds number
transonic tunnel (HIRT), extensive use has been made of a 1/13-scale
model of the facility. The studies included measurement and analysis
of the boundary layers in the charge tube, entrance to the nozzle and
in the test section, start time of the tunnel, flow quality in the test
section, response time of the flow, pressure distributions on a two-
dimensional airfoil model, force measurements on cones, an investi-
gation of the influence of plenum volume, and an investigation of the
acoustics of the exhaust system. The results of the experimental work
demonstrate the feasibility of obtaining high Reynolds number aero-
dynamic data in a transonic tunnel with a Ludwieg tube drive system.
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